Abstract: In the present paper, we examine model feedback control systems. Because model feedback control is simple, the model feedback control system has been applied in many applications such as the trajectory control of robot manipulators, serially connected tanks, etc. The control structure of the model feedback control system is limited, and nothing has been reported about whether or not model feedback control can represent all of the stabilizing controllers of a plant. The purpose of the present paper is to give a solution to the question as to whether or not all stabilizing controllers for a plant are expressible in the model feedback control structure. For strictly proper systems, the relation between model feedback control and the parameterization of all stabilizing controllers for minimum phase systems is shown. A simple design method to specify control characteristics is also presented.
INTRODUCTION
In the present paper, we examine the relation between model feedback control systems and parameterization. The model feedback control system was first proposed by Narikiyo and Izumi (T. Narikiyo and T. Izumi, 1991) . The model feedback control system has characteristics that simplify the shaping of the sensitivity function and the complementary sensitivity function. The model feedback control system is often applied to trajectory control of robot manipulators (T. Narikiyo and T. Izumi, 1991) , serially connected water tanks (K. Fuwa and T. Narikiyo, 1977; K. Fuwa, T. Narikiyo and Y. Funahashi, 1999) , etc. The basic control structure is similar to that of disturbance-response feedback and the disturbance observer. Disturbance observer techniques are applied to many control systems. Therefore, it is obvious that the model feedback control system is useful. Because the control structure of the model feedback control system is limited, nothing has been reported about whether or not model feedback control can represent all of the stabilizing controllers of the plant. Generally, if a class of controller is small, achievable control performance tends to be conservative. If the model feedback control system can represent all the stabilizing controllers for a plant, then the model feedback control system structure is more useful and important than if all stabilizing controllers are not thus represented.
The purpose of the present paper is to give a solution to the question as to whether or not all stabilizing controllers for a plant are expressible in the model feedback control structure. The model feedback control system is applied to robot manipulators (T. Narikiyo and T. Izumi, 1991) , serially connected water tanks (K. Fuwa and T. Narikiyo, 1977; K. Fuwa, T. Narikiyo and Y. Funahashi, 1999) , etc. In almost all applications of the model feedback control system, the plants are minimum phase. In the present paper, we clarify the relation between model feedback control and the parameterization of all stabilizing controllers for minimum phase systems by Glaria and Goodwin (J.J. Glaria and G.C.Goodwin, 1994) and by Yamada (K. Yamada, 2001 ).For strictly proper systems, the exact parameterization of all proper stabilizing controllers is given by Yamada (K. Yamada, 2001) . The relation between model feedback control and the parameterization by Yamada is shown. Next, for the biproper plants, the relation between model feedback control and the parameterization by Glaria and Goodwin is also given. A simple design method to specify the control characteristics is also presented. In this section, the model feedback control proposed by Narikiyo and Izumi (T. Narikiyo and T. Izumi, 1991) is introduced, and the problem considered in the present paper is summarized.
The model feedback control system is shown in Fig. 1 . 
and
respectively, where F (s) is given by
The sensitivity function S(s) and the complementary sensitivity function are written as
, (5) respectively. (2) and (4) are rewritten as
respectively. These imply that the property of tracking a command input and the property of disturbance reduction and insensitivity are all improved by f (s) = 1. The sensitivity function S(s) can be shaped easily by using f (s).
Note 1. Note that the properties of the model feedback control system described above are similar to that of internal model control (M. Morari and E.Zafiriou, 1989) . Internal model control cannot be applied to unstable plants, but the model feedback control system can be applied to both stable and unstable plants.
From the above discussion, the model feedback control system in Fig. 1 has good characteristics for shaping the sensitivity function S(s) and the complementary sensitivity function T (s). Narikiyo and Izumi explain that in Fig. 1 , the controller G 0 (s) is used as a controller around the plant G(s), and G c (s) is used as a controller to specify the overall system characteristics. However, when we design the model feedback control system, the role of G c (s) and that G 0 (s) cannot be separated because (1), (2), (4) and (5) are all functions of both G c (s) and G 0 (s). To overcome this problem, let us consider the control system in Fig. 2 , which is the same as that shown in Fig. 1 but with G c (s) removed. We call the control system in Fig. 2 the simple model feedback control system. The transfer function from r to y, 
respectively. The sensitivity function S(s) and the complementary sensitivity function are written as
respectively. From (10), the disturbance attenuation characteristic is specified by using f (s). G 0 (s) works to stabilize the plant G(s). In this way, the role of controller in Fig. 2 is definite. The simple modified model feedback control in Fig. 2 is structurally constrained. Generally, if the controller has a constraint, the achievable performance of the control system tends to be conservative. If all of the stabilizing controllers for the plant G(s) are written with the structure in Fig. 2 , the achievable performance of the control system in Fig. 2 is not limited. Conversely, if all of the stabilizing controllers for the plant G(s) are not always written with the structure in Fig. 2 , the achievable performance of the control system in Fig. 2 is limited. In addition, to design a highperformance model feedback control system, the structure in Fig. 1 proposed by Narikiyo and Izumi is required.
The purpose of the present paper is to give a solution to the question as to whether or not all stabilizing controllers for the plant G(s) are expressible using the structure in Fig. 2 . If all stabilizing controllers for the plant G(s) are expressible as Fig. 2 , the control structure in Fig. 2 is a better choice than the control system in Fig.  1 . Conversely, if all stabilizing controllers for the plant G(s) are not always expressible as Fig. 2 , the control structure in Fig. 1 is a better choice than that in Fig. 1 for control performance.
In the following sections, we give a solution to the question as to whether or not all stabilizing controllers for the plant G(s) are expressible as the structure in Fig. 2 . The model feedback control system is applied to such systems as the robot manipulator (T. Narikiyo and T. Izumi, 1991) and serially connected water tanks (K. Fuwa and T. Narikiyo, 1977; K. Fuwa, T. Narikiyo and Y. Funahashi, 1999) . In almost all applications of the model feedback control system, plants are of minimum phase. That is the plant has no zero in the closed right half plane. In the following sections, the relation between the parameterization of all stabilizing controllers for the minimum phase system and the simple model feedback control system is clarified. For strictly proper plants, the exact parameterization of all proper stabilizing controllers was given by Yamada (K. Yamada, 2001 ). We explain the relations between the parameterization and the simple model feedback control in two parts. The first part is to clarify a relation between the parameterization of all stabilizing controllers for the strictly proper plant by Yamada (K. Yamada, 2001 ) and the simple model feedback control system in Fig. 2 . The other is to clarify the relation between the parameterization of all stabilizing controllers for the biproper plant by Glaria and Goodwin (J.J. Glaria and G.C.Goodwin, 1994 ) and the simple model feedback control system in Fig. 2 .
RELATION BETWEEN THE PARAMETERIZATION AND MFCS
In this section, we consider the relation between the parameterization of all stabilizing controllers for the strictly proper plant by Yamada and the simple model feedback control system in Fig. 2 . According to (K. Yamada, 2001) , when the plant G(s) is of minimum phase and strictly proper, the unity feedback control system
is internally stable if and only if C(s) is written as
Here, K(s) is a biproper asymptotically stable rational function such that G(s) + K(s) is of minimum phase. C f (s) is all stabilizing controllers for G(s) + K(s) and is given by
where Q(s) is any nonzero biproper asymptotically stable rational function. When C(s) is settled by (14), the unity feedback control system (13) is shown in Fig. 3 .ū in Fig. 3 is rewritten Fig. 3 . The internally stable unity feedback control system
From this equation, Fig. 3 is rewritten as Fig.  4 . Fig. 4 shows the structure of all stabilizing Fig. 2 is equivalent to Fig. 4 . This implies that if we settle f (s) = 1 − K(s) Q(s) , and G 0 (s) is any asymptotically stable biproper rational function, the simple model feedback control in Fig. 2 includes all of the stabilizing controllers for the plant G(s). Therefore, the above discussion is summarized by the following theorem.
Theorem 1. If the plant G(s)
is strictly proper and of minimum phase, then the simple model feedback control system describes all of the stabilizing controllers for G(s). Fig. 4 is equivalent to Fig. 5 . This implies that 
When G(s) is biproper, one K(s) such that K(s) is asymptotically stable and G(s)
respectively. Fig. 6 includes an infinite gain loop, although we cannot construct the control system to be a perfect tracking system and have perfect disturbance attenuation characteristics. This infinite gain loop causes the problem that the control system in Fig. 6 is not causal.
In the following, a simple model feedback control system that does not have the infinite gain loop is proposed. The following theorem is satisfied Theorem 2. Any asymptotically stable rational function Q(s) can always factorized as (21) where Q 1 (s) and Q 2 (s) are asymptotically stable rational functions. All the solutions to (21) are written as
where L(s) is an arbitrary asymptotically stable rational function.
Proof of this theorem requires the following lemma.
has a solution X(s) ∈ RH ∞ and Y (s) ∈ RH ∞ if and only if there exists U (s) ∈ U to satisfy
A(s) B(s) C(s) = A(s) B(s) 0 U (s).(24)
When a pair of X 0 (s) ∈ RH ∞ and Y 0 (s) ∈ RH ∞ is a solution to (23), all the solutions are given by
where
arbitrary asymptotically stable rational function (M. Vidyasagar, 1985) .
Using the lemma above, Theorem 2 is proved.
(Proof) The equation (21) is rewritten as
. (26) From Lemma 1, (26) has a solution if and only if there exists U (s) ∈ U such that
The rest of the proof of Theorem 2 is to show that all solutions to (26) are expressible as (22). A trivial solution to (26) is given by
When
From Lemma 1, all solutions to (26) are written as (22).
We have thus proved Theorem 2.
According to Theorem 2, any Q(s) is always factorized by (21). Sinceū in Fig. 3 is rewritten as Fig. 3 is rewritten as Fig. 7 . When the reference 
respectively. The disturbance attenuation characteristics and sensitivity characteristics are tuned using Q 1 (s). In other words, since Q 1 (s) is written as (22), the disturbance attenuation characteristics and sensitivity characteristics are tuned using L(s).
CONCLUSION
In this paper, we clarified the relation between the model feedback control system by Narikiyo and
Izumi and the parameterization of all stabilizing controllers for the minimum phase systems. It was shown that for biproper plants that the model feedback control system can represent all of the stabilizing controllers. That is, the model feedback control has the same structure as that of the parameterization of Glaria and Goodwin. For the strictly proper plant, while Glaria and Goodwin included improper controllers, the exact parameterization of all proper stabilizing controllers was solved by Yamada(K. Yamada, 2001) . The model feedback control for the strictly proper plant has the same structure as that of the parameterization by Yamada. Finally, a simple design method for model feedback control systems was presented.
